We have studied silica nanoparticle layers spread at the air-water interface. The surface pressure of the layers has been determined in a Langmuir trough via two orthogonal Wilhelmy plates. We observed significant differences in surface pressure according to the preparation protocol: layers spread then compressed or layers obtained after successive spreading steps. We also studied the two types of layers by multiple angle of incidence ellipsometry. We introduce a two-layer model which enables us to evaluate the radius of interfacial aggregates and their contact angle with the air-water interface.
Introduction
Nanoparticles can adsorb at the air-water and oil-water interfaces when they are partly hydrophobic forming surface layers which are nowadays the object of much interest. [1] [2] [3] [4] [5] [6] [7] [8] The energy of adsorption W is related to the contact angle  of the particle with the interface: W =   R 2 (1 ± cos) 2 for spherical particles, where R is the radius of the particle and   the surface tension of the bare interface (free of particles). When  ~ 90°, W ~ (R/a) 2 kT, a being a molecular size, k the Boltzmann constant and T the absolute temperature, indicating that since W >> kT, the adsorption is irreversible. 5 Particles can organise differently at interfaces: a wellordered 2-D structure was first observed for 122.5 nm-radius polystyrene latex particles, 5 bonded particle clusters were seen for charged micron size polystyrene spheres, 9 and disordered structures were observed for silica microparticles at the oil-water interface. 10 These different structures reflect the different interactions 6, 11, 12 between particles at the interface.
Besides attractive capillary interactions, spherical charged colloidal particles can experience either Coulombic repulsion because of their vertically asymmetric charge distribution or long range attraction due to non-uniform horizontal charge distribution. 9 Moreover, effective interactions due to non-linear charge renormalization can play an important role in the case of non-spherical particles. 11 Many other phenomena such as 2-D aggregation, [13] [14] [15] order-disorder transitions 7, 10, 16 and wetting behaviour 17 are under investigation for colloidal particles at fluid interfaces.
Besides the intrinsic fundamental interest, nanoparticles allow one to produce extremely stable foams or emulsions, with possible interesting applications. 18 In the case of foams for instance, unlike most surfactants and polymers, oxide particles can be used at high temperature to stabilise metallic foams. 19 Emulsions stabilised by particles (Pickering emulsions) have been extensively investigated for the production of nanomaterials. 20 Partially hal-00785456, version 1 -6 Feb 2013 hydrophobic nanoparticles are interesting model systems for studying the stability of emulsions and foams. [21] [22] [23] [24] [25] [26] [27] They can be either spread or adsorbed at the interfaces from aqueous dispersions. The properties of both types of layers have been investigated in the case of silica nanoparticles and it was shown that stable foams could be produced when E > /2, E being the surface compression elastic modulus and  the surface tension (Gibbs stability criterion). 23, 28 A first ellipsometry study of spread layers of fumed silica nanoparticles at the airwater interface was performed by Safouane et al. with a conventional (single-angle measurement) ellipsometer. 22 A surprising independence of the thickness and refractive index of the layer on surface coverage by particles was reported. In order to clarify the layer structure, we undertook a new study described here. We studied two types of spread layers:
layers spread then compressed, called hereafter "compressed layers" or layers obtained after successive spreading steps, called hereafter "deposited layers". To measure the surface pressure =   -we used two different troughs: a rectangular Langmuir trough equipped with two orthogonal Wilhelmy plates and a circular trough. We also used multiple angle of incidence ellipsometry to measure the layer thickness and the particle surface coverage, which enabled us to evaluate the contact angle .
Materials, preparation and methods

Materials
The silica particles were kindly provided by Wacker-Chemie (Germany) and were used as received. The surfaces of the particles were modified by reaction of the surface silanol groups with dichlorodimethylsilane. In this study, we used particles with a relative SiOH content of 20, 34, 51 and 62%, in which the hydrophobicity increases with decreasing SiOH content.
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The latter content was determined by a titration technique using strong base. We focused in particular on the 34% SiOH system, because at this intermediate hydrophobicity the most stable aqueous foams were observed. 25 Mainly, we compared the 34% SiOH particle system with both a highly hydrophobic (20% SiOH) and a more hydrophilic (62% SiOH) system. The particles are clusters of irreversibly bound primary silica particles, which are spherical-like objects of approximately 20 nm diameter. The dispersions were prepared by adding amorphous fumed silica powder into isopropyl alcohol to a final concentration of 1 g L -1 . The dispersion was sonicated for 30 min. using an ultrasonic probe (Ultrasonic Processor) operating at 20 kHz with an amplitude of 45% of the maximum in order to have a stable dispersion and to avoid the formation of particle aggregates. The dispersion was re-sonicated for 10 min. just before each experiment.
Dynamic light scattering experiments were performed in order to characterize the size and polydispersity of the particle aggregates (in water 23 and) in isopropyl alcohol using the method of cumulants. 29 Autocorrelation functions were fitted by f m (q,) = exp(-
, where D is the diffusion coefficient, q is the scattering vector,  is the correlation time and p is a polydispersity index. The hydrodynamic radius R h , calculated by the Stokes-Einstein equation, changes as a function of the % SiOH. The following values were found: R h = 87 ± 2 nm for 20% SiOH, R h = 77 ± 1 nm for 34% SiOH. R h = 72 ± 2 nm for 62% SiOH. These fumed silica dispersions were also fairly monodisperse in isopropyl alcohol, the second order polydispersity index p = (<D 2 >-<D> 2 )/<D> 2 being between 0.11 and 0.21. Water used in the experiments was ultra-purified water from a Millipore-Q instrument (resistivity = 18 Mcm). All the experiments described in the paper were performed at room temperature (~22 ºC). The particle dispersion was spread onto the airwater interface drop by drop from a microlitre syringe.
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Compressed layers
The compressed layers were made by spreading an initial amount of particle dispersion at the surface of water contained in a rectangular Langmuir trough (Nima 601BAM, total area 500 cm 2 ). The trough was cleaned with ethanol and pure water before each experiment.
Before spreading the particles, the surface of pure water was compressed and it was checked that the surface pressure  did not exceed 0.3 mN m -1 during compression, ensuring the absence of contamination. After spreading a certain volume (usually 600 µL) of particle dispersion in isopropyl alcohol onto the air-water interface, we waited for 30 min. to allow the solvent to evaporate.
The nominal surface concentration Γ increases when reducing the area by closing the barriers. The variation of the surface pressure with Γ was monitored by two Wilhelmy plates:
one parallel to the barriers and the other perpendicular to them, the corresponding pressures being  || and   respectively. In each experiment, the two barriers moved simultaneously. In continuous compression experiments, Π-Γ isotherms were obtained by closing the barriers (Γ was varied from 10 to 120 mg m -2 ) at a constant rate of 25 cm 2 min -1 or 7 cm 2 min -1 . We measured the surface pressure  =  0 - for continuously compressed layers in a Langmuir trough.
Deposited layers
We prepared these layers either in the Langmuir trough (Nima 601BAM) or in a home- 
Brewster angle microscopy
The texture of particle layers was observed by a Brewster Angle Microscope (MiniBAM, NFT-Nanofilm Technology, Göttingen). The BAM is equipped with a high-power red laser diode (wavelength 688 nm), a polarizer and an analyzer. The images taken at the Brewster angle of 53.1° were recorded by means of a video recorder.
Ellipsometry
We performed multiple angle of incidence (MAI) measurements 30 using an imaging ellipsometer (Nanofilm, Germany) working with green laser light ( = 532 nm). A fixed compensator (= 45°) and 4-zone averaging nulling scheme were adopted. We used either a circular trough (diameter = 8 cm, depth = 3 cm) or a small Langmuir trough (total area 100 cm 2 ) for the measurements. The surface of water was cleaned several times and ellipsometric scans were performed at the bare air-water interface before spreading the particle layer. We waited at least two hours after spreading before measuring the ellipsometric angles Ψ and Δ (around the Brewster angle  B = 53.1° for the air-water interface). 30 In order to minimize effects due to external vibrations on the measurements, the troughs were placed on top of an active vibration isolation table (Halcyonics, Germany). The data allowed us to obtain information on the interfacial profile, in particular on the thickness and refractive index of the surface layer. 31 All experiments were carried out at 22 ± 2 ºC.
Results and Discussion
Surface pressure
The surface pressures  || and   were measured in the Langmuir trough. The results for the layer comprising 34% SiOH particles are illustrated in Figure 1 . For all % SiOH, the pressure starts to increase above 20 mg m -2 and tends to saturate around 50 mg m -2 . It is worth noting that the pressure measured by the parallel sensor ( || ) is always higher than that measured by the perpendicular one (  ). This large difference between the two reveals the existence of a non-zero shear modulus. [32] [33] [34] Here, the relaxation times of the surface layer are very long (>10 4 s), and during the continuous compression, the layer has no time to relax, hence the difference between the two pressures. 35 Decreasing the barrier speed from 25 to 7 cm 2 min -1 causes this difference to decrease, but it still remains non-zero. This is because relaxation can take place, but remains incomplete. 36 For continuously compressed layers, the textural evolution was monitored by Brewster angle microscopy. The results are illustrated in Figure 2 . At small Γ (< 20 mg/m 2 ), Brewster angle microscopy evidences the presence of isolated islands, with the incomplete coverage of the water surface reflecting the almost zero surface pressure, as shown in Figure 2 (a). Upon increasing Γ, the layer becomes homogeneous and the surface pressure changes (see Figure   2 (b)). If Γ is further increased, small ripples nucleate in the region where the slope ddΓ is maximum (Figure 2(c) ). When the pressure is further increased, the ripples evolve toward a significant buckling, as illustrated in Figure 2 (d). These textural observations are as reported earlier at the air-water interface 22 and oil-water interface for the same particles. 21 For large , the surface pressure almost saturates; however the values obtained are questionable, because they are measured in the presence of buckling.
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In Figure 3 we show the scenario described above. In this experiment, we stopped the compression at the nominal surface concentration of 60 mg m -2 and we monitored the change in surface pressure and layer texture: the surface pressure decreases with time while buckling tends to disappear. This observation confirms that the layer is out of equilibrium.
The surface pressures of layers obtained after successive spreading are also shown in Figure 1 . They are close to   for continuously compressed layers measured by the orthogonal plate. Note that there is also a difference between  || and   for the deposited layers although these layers were not compressed with the barriers: it is likely that compression stresses arose during spreading in the rectangular trough. The surface pressures in the circular trough are also comparable to those measured with adsorbed layers (from bulk) obtained with aqueous particle dispersions. 23 BAM images of these layers were also taken. The same experiments were also performed with particles with different % SiOH (20, and 62%). The - curves are similar (as in ref. 22 ) and anisotropic effects are always observed: parallel and orthogonal pressures always differ. Furthermore, the surface pressures measured for deposited layers are always close to those for compressed layers measured by the orthogonal plate. These differences point to the important role played by the preparation protocol.
Ellipsometry -Deposited layers
In ellipsometry, the well-known equation r p /r s = tan exp(i relates the ratio of the A stratified homogeneous layer model is usually adopted to describe the interfacial profile. 30 Let us first discuss the case of successively deposited layers. We show in Figure 5 (a) the ellipsometric scans from layers of particles of different SiOH content. Both the minimum  and the slope in  far from the Brewster angle increase with particle hydrophobicity (decreasing % SiOH). Qualitatively, these changes correspond to either a surface density or a layer thickness increment with increasing particle hydrophobicity.
We first fitted the experimental data assuming a single homogeneous interfacial layer characterized by a refractive index n l and a thickness d between the air (n Air = 1) and water (n H2O = 1.333) macroscopic phases. 30 We could extract both n l and d since we adopted a MAI scheme. 31 However, the accuracy of the earlier measurements is far below that of the new ones. More importantly, the fact that the thickness and refractive index were independent of surface coverage seems to be confirmed.
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From those values, it is also possible to extract the surface concentration "seen" by ellipsometry assuming a linear change of the refractive index with concentration, i.e. 
where A/M SiO2 = 0.128 mL g -1 and v = 0.45 mL g -1 are the ratio of molar refractivity (A) to molecular weight (M SiO2 ) and the specific volume of the adsorbed particles, respectively. We plot the calculated surface concentration  elli from Eqs. 1 and 2, without noting a significant difference between the two calculations, in Figure 5 (b) together with the line  elli = . As was qualitatively observed in the ellipsometric scans of Figure 5 (a), the layers of particles with 62% SiOH have an apparent low surface concentration  elli <  . On the contrary, the calculated surface concentrations for particle layers with 20% SiOH are too high:  elli >  . If all the particles remained at the interface, one should have  elli =  Note that  elli <  could also signify loss of particles into bulk water. These discrepancies indicate that the approximation made of an interfacial layer of particles surrounded by water cannot be used. A better approximation should involve two layers: the first being the upper part of the particles and air, the second being the lower part of the particles and water (Figure 6 ). The relative thickness of the two layers is related to the contact angle of the particles with water.
Ellipsometry -a two-layer model
Recently, 40 such a two-layer model was proposed by Hunter et al. to measure the contact angle of polystyrene latex particles at the air-water interface. However, they were not able to perform ellipsometric scans around the pseudo Brewster angle (where  tends to zero and  switches from 180° to 0° or 360°) and in order to fit their data several assumptions were made, including hexagonal packing of particles at the interface. In order to better approximate the real conditions, we also propose a two-layer model, describing the air-silica and silicawater layers, which takes into account the finite contact angle  of spherical particles or aggregates at the air-water interface (see Figure 6 ). In this two-layer model, we have defined three parameters R, h and . R is the radius of the spherical interfacial aggregates, h is the distance from the centre of the particle to the air-water interface (we adopted the convention h >for ≤ 90º, and h < if  > 90º), and is the surface coverage of particles in the interfacial layer (= total particle cross-sectional area/total area).
In the following, two effective medium approximations (EMA) were used to describe the dielectric constant of the two layers. This type of approximation allows to accurately evaluate the dielectric properties of a heterogeneous layer. 41 Furthermore, EMA methods were also verified for Langmuir-Blodgett silica nanoparticle layers. 42 We first assumed a linear change of the dielectric constant with concentration (Wiener effective medium approximation). 41 
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Since the layers contain spherical inclusions, we also tried the Maxwell-Garnett EMA, expected to be even more accurate. 
Two-layer models. Effective medium approximations
Wiener effective medium approximation. If the change of dielectric constant with the concentration is linear, the first layer is simply characterized by a thickness R-h and a dielectric constant:
and the second layer by a thickness R + h and a dielectric constant:
where
are the portions of volume occupied by a silica sphere in air and water respectively (see Figure 6 ) and V ca = R In order to perform the fits of the ellipsometric scans, we implemented an algorithm in Origin (OriginLab Corporation, USA) using the programming language OriginC.
Two layer model -Deposited layers
MAI ellipsometry allows evaluating just two parameters and in our problem the unknown ones are , h and R. Several hypotheses can be made in order to fix one of the unknown parameters. The most reasonable hypothesis remains  elli = If we assume that the added material does not move into the bulk phase, the following relation holds:  elli = 4/3R, where  is the bulk density of the particle (2200 kg/m 3 for amorphous silica). Now we can write the surface coverage  as a function of R. Thus, it is possible to fit just R and h imposing 3/4  elli /(R). Using the EMA we obtained fits of high quality for the whole set of measurements. The results of the fits are summarized in Table 1 . Fits using Wiener and Maxwell-Garnett approximations are in reasonable agreement with each other and the results give a consistent picture of the interfacial structure. Note that no satisfying fit can be obtained assuming the presence of only primary particles of 20 nm diameter. In fact, if R = 10 nm, around the Brewster angle,  would change from 180° to 360° instead of from 180° to 0°.
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For these layers we observe that by increasing the thickness of the layer and the surface coverage increase. For 62% and 34% SiOH layers the immersion thickness h also increases, suggesting that the particles move into water. However, for the 20% SiOH layer it seems that the particles move into air. The surface coverage  of the interfacial aggregates at  = 160 mg m -2 is close to the fully packed value (= 0.9). Furthermore, increasing from 40
, a significant increase of  can be related to the surface pressure increase from 5 to 20 mN m -1 displayed in Figure 1 .
For the 34% SiOH layer the value of R is really close to the value of the hydrodynamic radius of particles in bulk as measured by dynamic light scattering. For 20%
and 62% SiOH layers R is lower than the bulk values being ca. 30-60 nm. It is possible that these particles are less spherical than those for 34% SiOH or that the bulk aggregates partially break up at the surface. Negligible changes of the ellipsometric parameters with time were observed for deposited layers. They do not depend either on the location in the surface where the measurements are made (note that they cannot be made close to the trough boundaries where we sometimes see thicker layers, see Figure 4 ).
Two layer model -Compressed layers
Turning now to compressed layers in a Langmuir trough, Figure 7 shows  and  for particle layers of 34% SiOH at different nominal concentrations compressed and relaxed (t ~ We analyzed the data in the framework of the two-layer model introduced previously using EMA and we summarize our results in Table 2 Table 2 ) to see if the changes in pressure observed in Figure 3 The contact angle of the particles with water can be also calculated as:  =
arccos(h/R).
We know that at high concentration , the compressed layers buckle, but that after some time, it becomes homogeneous again. We cannot exclude the fact that some of the particles could move away from the imaging area, possibly collecting in the trough boundaries. Similarly, thicker regions were seen in the deposited layers at high concentrations. The data for concentrations higher than 50 mg m -2 therefore need to be analysed with caution. In order to evaluate the contact angle, we have only used the data at lower concentrations. We found that  is 57° with the Maxwell-Garnett approximation (55° with the Wiener approximation) for 30 mg m -2 and 56° (resp. 54°) for 40 mg m -2 . These values are in good agreement with the angles deduced for the deposited layer 51° (resp. 48°).
The contact angle increases with increasing particle hydrophobicity up to 114° for 20% SiOH layers (with the Maxwell-Garnett approximation, 112° with the Wiener approximation).
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These results are in reasonable agreement with the values reported experimentally on macroscopic substrates of pressed powders of the same particles 43 and the ones calculated theoretically using surface energy considerations. 44 The value calculated for the 62% SiOH is less accurate due to the sharp profile and the absence of measurements very close to the Brewster angle. Except for this particular case, MAI ellipsometry appears as a powerful tool to measure directly the contact angle of solid particles at the air-water interface. 
Summary and conclusions
We have measured the surface pressures of silica nanoparticle layers at the air-water surface prepared by two different protocols: compression of the layer in a Langmuir trough and successive spreading. We observed that the surface pressure of the compressed layers is consistently larger than that of deposited layers. At large Γ, the compressed layers undergo buckling, this being accompanied by a drastic change in slope of the Π-Γ isotherm. The deposited layers remain more homogeneous at high concentrations, except close to the trough boundaries where thicker layers are seen.
We also studied the particle layers by MAI ellipsometry introducing a two-layer model able to evaluate the interfacial thickness and the contact angle .  increases with increasing particle hydrophobicity and is in good agreement with independent determinations. The characteristics of layers containing particles with 34% SiOH are similar until   40mg/m 2 , independent of the preparation protocol. The thickness of the layers is close to the bulk aggregate diameter (monolayer) and the fraction of surface covered by particles is ca. 20%.
Above   , the area covered by compressed layers increases with compression (up to 90%) and the particles move to the air as buckling occurs. For deposited layers the surface coverage is lower than in compressed layers (ca. 70%) and the particles move into the water subphase.
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